ABSTRACT Reproductive compatibility of interstrain matings in plum curculio, Conotrachelus nenuphar (Herbst), was studied during the summers of 2004 and 2006. There was a unidirectional incompatibility in the cross-matings along a rough north to south transect of the range of plum curculio (4 ϫ 4 two-factorial design). There was signiÞcantly lower fertility in West Virginia males mated with New York and Virginia females (40 and 29%, respectively), and Florida males had a signiÞcantly lower fertility with Virginia and West Virginia females (46 and 37%, respectively), but Florida females were compatible with males of all four populations. Three northern populations were compatible with each other in all cross-mating combinations (New York, Massachusetts, and New Jersey; 3 ϫ 3 two-factorial design). There was a unidirectional reproductive incompatibility in the combination of New Jersey males with Florida females (47%) and a bi-directional incompatibility between Florida and West Virginia reciprocal cross-mating (26 and 21%, respectively). The pattern of the reproductive incompatibility among geographic populations could help us to distinguish plum curculio strains and to clarify their strain distribution range to enrich our knowledge on their population ecology and biosystematics.
Plum curculio, Conotrachelus nenuphar (Herbst) (Coleoptera: Curculionidae), is a major pest of stone and pome fruit in the eastern North America (Chapman 1938 , Racette et al. 1992 . The insect may injure almost all of the fruit if no control actions are taken. There are two strains of plum curculio. The northern strain has an obligate winter diapause and is univoltine. The southern strain does not display the obligate diapause and has two or three generations annually (Bobb 1952) . Chapman (1938) gave an approximate distribution description of the two strains. In his map, the mid-Atlantic region is the convergence area of the two strains, and Virginia contains both strains.
Reproductive incompatibility between plum curculio strains has been observed since the 1960s. Stevenson and Smith (1961) reported a unidirectional reproductive incompatibility in plum curculio from crosses of southern females and northern males. They observed reductions in oviposition and egg hatch in this crossing of the multivoltine females with the univoltine males. Padula and Smith (1971) reported that crossing the northern (univoltine) female plum curculio with the southern (multivoltine) strain males resulted in signiÞcantly fewer eggs and fewer larvae hatched from the eggs. Padula and SmithÕs results differed from Stevenson and Smith (1961) , who found no signiÞcant drop in fertility in cross between univoltine females and multivoltine males. Furthermore, sections of spermathecae from univoltine female exhibited some pathological changes: nuclei of the spermathecal gland cells became enlarged and vacuolated areas appeared; the gland lost its ovoid shape, appeared to contain only degenerating sperm, and began to collapse. The reproductive incompatibility is similar to that reported from other studies on arthropods associated with infection of reproductive tissues by Wolbachia symbionts.
In this study, we implemented several cross-mating experiments to evaluate the reproductive compatibility of mating among various plum curculio geographical populations. These experiments were intended to provide some new information on reproductive incompatibility in plum curculio. The pattern of the reproductive incompatibility among populations could show the role and impact of Wolbachia infection in plum curculio and could help us to distinguish plum curculio strains and to clarify their strain distribution range so that enrich our knowledge on their population ecology and biosystematics and may guide our future research on plum curculio controls.
Materials and Methods
Insect. In this study, six different geographical colonies (Massachusetts, New York, New Jersey, West Virginia, Virginia, and Florida) were established from Þeld-collected larvae or adults. Moreover, plum curculio colonies were maintained separately from the following geographical sitesÑ overwintered (or diapaused) populations: Amherst, MA (MA), Geneva, NY (NY), Bridgeton, NJ (NJ), and Blacksburg, VA (VA); continuing colonies: Kearneysville, WV (WV) and Quincy, FL (FL). To ensure that virgin adults were used in the cross-mating trials, plum curculio colonies from different geographical populations were maintained separately in laboratory conditions. Adults were collected from orchards using beating trays or baited pyramidal traps. To acquire plum curculio larvae, infected fruit were collected from orchards as well.
The larvae were collected from infested fruit using the following procedure: infested fruit were placed in 60 by 60-cm wooden frame racks with screen (6 by 6-mm grid) ßoors, with a collection tray beneath to contain the dropping plum curculio larvae. Larvae were placed in 473-ml glass mason jars containing moistened 50:50 potting soil: vermiculite. Each jar received ϳ100 larvae, and soil moisture (150 ml water added in 850 ml mixed soil) was maintained throughout the pupal period (Ϸ3 wk). The newly emerged adults were sexed according to morphological characteristics described by Thomson (1932) and maintained separately by sex and geographical locations.
Field-collected adults were caged separately by location and allowed to mate and establish new colonies in laboratory conditions using the procedures of Leskey (unpublished data). Adults were placed into a plastic box (34 by 26 by 8.5 cm) with an organza covered ventilated top. Approximately 25 green thinning apples (around 3 cm in diameter) were used as food and oviposition sites. The plastic box was held in an incubator chamber at 25ЊC and 60 Ð 80% RH. Photoperiod was controlled at 14-h light and 10-h dark per day. The thinning apples were replaced weekly for colony maintenance, and they were placed in the larvae collection trays.
For northern strain plum curculio populations (MA, NY, NJ, and VA), a winter diapause was necessary to obtain reproducible adults. Males and females were separately sustained on green thinning apples throughout the summer and early fall. From late fall until early next spring, northern plum curculio adults were placed in 946-ml glass mason jars (about 100 adults per jar). Jars contained moistened potting soil, paper towel, thinning apples, and dropped leaves, and were buried into soil and covered with dropped leaves and a wood cover at Kentland Farm, VA Tech (Whitethorne, VA). Beetles were separated in different jars according to geographical origin and by sex. At the Þrst sign of plum curculio activity in jars in spring, the adults were brought back to the laboratory and removed from containers. This process provided virgin adults that had experienced natural overwintering environmental conditions for the following cross-mating experiments.
Southern plum curculio adults (WV and FL) were allowed to continue their life circle under laboratory conditions. Green thinning apples and water were provided during this period.
Experimental Procedures. There were three experiments included in this study.
Experiment 1 was to investigate reproductive compatibility of cross-matings among a rough north to south transect of the range of plum curculio using a 4 ϫ 4 factorial (maternal origin and paternal origin) design. The four levels within each factor were extreme north (NY), lower north (WV), upper south (VA), and extreme south (FL). Twenty pairs for each combination were used.
Experiment 2 was to evaluate reproductive compatibility of cross-mating among populations of plum curculio within the northern geographical area using a 3 ϫ 3 factorial (maternal origin and paternal origin) design. The three levels within each factor were NY, MA, and NJ. Twenty pairs for each combination were used with the exception of MA, for which only 16 pairs were used because of an insufÞcient number of females.
Experiment 3 was to evaluate reproductive compatibility of cross-mating between populations of the southern and mid-Atlantic regions, included two parts: experiment 3a aimed at evaluating reproductive compatibility of cross-mating between FL and NJ populations using a reciprocal cross-mating design. Ten pairs for each combination were used. Experiment 3b evaluated reproductive compatibility of cross-mating between FL and WV populations using a reciprocal cross-mating design. Ten pairs for each combination were used.
Fertility Examination Protocol. Each pair of curculios was placed into a 120-ml plastic cup with a green thinning apple as food and oviposition site and a 2.5-cm soaked cotton dental wick (Absorbal, Wheat Ridge, CO) as the water source. The cups were held at uncontrolled room temperature (22Ð32ЊC), uncontrolled humidity (45Ð 80%), and photoperiod at 14 L:10 D. Males were removed after oviposition scars were found in the apples. Mated females were placed alone with uninfested green thinning apples. The apples were replaced every 2 d if oviposition scars were visible and held in a plastic box with screen tops at the same temperature condition. The females were allowed to oviposit for 9 wk (16 June to 21 August 2004) in experiments 1 and 2 and for 7 wk (12 June to 26 July 2006) in experiment 3 until all females stopped to lay eggs. The number of laid eggs and number of hatched eggs were determined after the apples were held for a minimum 5 d. A dissection needle was used to peel the apple skin to uncover the oviposition site under a dissecting microscope. A small hole appeared if the egg hatched successfully, whereas infertile eggs remained in the oviposition sites.
Statistical Analyses. The reproductive compatibility of cross-mating was analyzed separately for each experiment. The fertility, being a percentage, was subjected to arcsine transformation for analysis, but all tables show the nontransformed data. One-way analyses of variance (ANOVAs; TukeyÕs honestly signiÞ-cant difference [HSD] test; Zar 1998) for all treat-ments were followed when the interactions were signiÞcant in two-way ANOVA (SAS Institute 2001), and results were evaluated for signiÞcance at P Յ 0.05.
Results
Experiment 1. There were 16 treatment combinations in experiment 1. After two-way ANOVA, maternal factor (F 3,237 ϭ 11.89; P Ͻ 0.0001), paternal factor (F 3,237 ϭ 26.29; P Ͻ 0.0001), and interaction between the two factors (F 9,237 ϭ 6.98; P Ͻ 0.0001) were signiÞcant.
Within the maternal factor (Table 1) , the Þrst multiple comparison was NY males mated with NY, VA, FL, and WV females, respectively. The fertility between NY males and females was signiÞcantly higher than NY males mated with WV females (F 3, 62 ϭ 4.5342; P ϭ 0.0061); there was no signiÞcant difference between NY males mated with VA and FL females. In the second multiple comparison, VA males mated with NY and VA females had signiÞcantly higher fertility than when mated with WV females (F 3,66 ϭ 10.9191; P Ͻ 0.0001). Fertility was divided into two groups in the third multiple comparison (FL males): fertility was signiÞcantly higher (F 3,47 ϭ 11.80; P Ͻ 0.0001) when mated with either FL or NY females than when mated with VA or WV females. In the last multiple comparison of maternal factor (WV males), cross of WV males with NY and VA females resulted in signiÞcantly lower fertility than the cross of WV males and FL females (F 3,62 ϭ 4.5060; P ϭ 0.0063).
Within the paternal factor (Table 2) , the Þrst multiple comparison (NY females) indicated that mating with WV males resulted in signiÞcantly lower fertility than NY, VA, and FL males mated with NY females (F 3,72 ϭ 20.3508; P Ͻ 0.0001). In the second column comparison (VA females), the fertilities of VA females crossed with NY and VA males were signiÞcantly higher than when crossed with FL and WV males (F 3,53 ϭ 15.5251; P Ͻ 0.0001). There was no signiÞcant difference in the third comparison within the paternal factor (FL females; F 3,47 ϭ 2.4425; P ϭ 0.0758). A signiÞcantly lower fertility of FL males crossed with WV females was evident in the last comparison (WV females; F 3,67 ϭ 5.1256; P ϭ 0.0030) and a low fertility was shown within WV population matings.
Experiment 2. There were nine treatment combinations in experiment 2 (Table 3) . After two-way ANOVA, the paternal factor (F 2,146 ϭ 0.12; P ϭ 0.8847) and the interaction between the two factors (F 4,146 ϭ 1.01; P ϭ 0.4060) were not signiÞcant, whereas maternal factor was signiÞcant (F 2,146 ϭ 4.44; P ϭ 0.0135). One-way ANOVA for maternal factor showed that fertility of NJ females was signiÞcantly lower than fertilities of NY females (F 2,152 ϭ 4.4308; P ϭ 0.0135).
Experiment 3a. There were four treatment combinations in experiment 3a (Table 4 ). For the crossmating of FL and NJ populations, a signiÞcant effect of the maternal factor (two-way ANOVA F 1,36 ϭ 8.81; P ϭ 0.0053) and the interaction between the paternal and maternal factors (two-way ANOVA F 1,36 ϭ 8.75; P ϭ 0.0054) were determined. The paternal factor effect was not signiÞcant (F 1,36 ϭ 2.34; P ϭ 0.1348). Therefore, a one-way ANOVA for the four treatments was used. In this multiple comparison, fertility of NJ Mean fertility (%) ؎ SEM in experiment 1, evaluating fertility of cross-matings in a rough north to south transect along males crossed with FL females was signiÞcantly lower than the other three treatments (F 3,36 ϭ 5.7951; P ϭ 0.0024).
Experiment 3b. There were four treatment combinations in experiment 3b (Table 5 ). In two-way ANOVA, only the interaction of the two factors evaluated was signiÞcant (F 1,31 ϭ 43.41; P Ͻ 0.0001). A subsequent one-way ANOVA that compared all four treatments showed that fertility of FL males crossed with WV females and the reciprocal cross, WV males and FL females, were signiÞcantly lower than when they mated within their own populations (F 3,31 ϭ 15.4290; P Ͻ 0.0001). Experiment 1 also contained the treatment combination (FL and WV). Here, we used one-way ANOVA for the reciprocal cross between FL and WV populations that was used in experiment 1 to compare the results with experiment 3b. In this analysis, fertility of FL males and WV females was also signiÞcantly lower (F 3,54 ϭ 6.4028; P ϭ 0.0009) than when they mated within their own populations, but the reciprocal cross, WV males with FL females, had a signiÞcantly higher fertility, even higher than mating within the WV population (Table 6 ).
Discussion
Reproductive incompatibility among plum curculio geographic populations was conÞrmed in this study. The lowest mean fertility level was 31.32% between WV males and VA females in experiment 1 and was 20.61% between WV males and FL females in experiment 3. The result is consistent with a previous study by Stevenson and Smith (1961) , which showed 27% fertility between northern females and southern males. Stevenson and Smith (1961) also reported incompatibility between northern females (New York) and southern males (North Carolina). The result is similar with WV males crossed with NY or VA females in experiment 1. In this experiment, an unusually low fertility was shown within WV matings. It suggests that reproductive incompatibility could occur within this population. In this study, of 20 mated WV plum curculio females in experiment 1, four females showed fertility Ͻ7%, but eight females showed Ͼ94% fertility. However, the sample size was very small at this time. Another possible explanation is the physiological status of those individuals. The development of the reproductive system could strongly inßuence their fertility. In 2006 (experiment 3), beetles from the same WV laboratory colony showed a normal fertility (81%). However, it is hard to explain why WV females have even higher fertility mated with NY and VA males, and WV males mated with FL females also have higher fertility than within WV population mating.
Another problem lies in the Florida population. In both 2004 and 2006, FL weevils used in our mating trials were the Þrst generation progeny from the summer generation collected from the Þeld. Of 40 pairs of FL weevils, only 50% (20 pairs) laid eggs. The phenomenon is similar with the univoltine weevils; a dia- Table 5 . Mean fertility (%) ؎ SEM in experiment 3b, evaluating fertility of cross-matings between FL and WV populations, using a reciprocal cross-mating design The three levels within each factor were NY, MA, and NJ. The values in the Þrst row in each cell are expressed as percentage of fertility Ϯ SEM. Means with the same letter were not signiÞcantly different (P Ͼ 0.05). The values in the second row in each cell indicate the means of eggs laid per females (no. of oviposited females/total no. of females). Table 4 . Mean fertility (%) ؎ SEM in experiment 3a, evaluating fertility of cross-matings between FL and NJ populations, using a reciprocal cross-mating design pause may be needed before reproductive system development. According to Hoffmann et al. (2004) , all sampled southern strain females mated by day 13 after adult eclosion, but the FL adults in our study were maintained for at least 3 wk before they were used in the mating experiments described here. Another possible explanation is just partly Þrst generation adults contributed to the second generation. Smith (1948) reported that diapausing individuals had to be selected out to establish a nondiapausing laboratory colony in North Carolina (NC). The Florida colony may have been similar situation to NC colony.
In experiment 3, we assessed the fertility of crossmating between a southern population (Florida) and two mid-Atlantic populations (West Virginia and New Jersey). FL versus NJ was a new combination and FL versus WV was a repeat of part of experiment 1. In the Þrst reciprocal crosses, a unidirectional reproductive incompatibility was revealed. Mating between NJ males and FL females resulted in a signiÞcant reduction in fertility (47%) compared with mating within their populations. This was a moderate incompatibility and the results were not consistent with the FL compatibility in experiment 1, which showed that FL females were compatible with all males from the four populations.
In experiment 3b, a bi-directional incompatibility was shown between FL and WV cross-mating. However, the reciprocal cross between the two populations showed a unidirectional incompatibility in experiment 1. Tables 5 and 6 show the different pattern of the same cross in 2006 and 2004, respectively. The result of experiment 1, where FL females mated with WV males had even higher fertility than when mated within WV population, was unusual. Again, fertility from a small sample size experiment could be inßu-enced dramatically by population compositions of different individuals.
Fecundity data are also included in Tables 1, 3 , 4, and 5. However, the interaction effects in all three experiments were not signiÞcant (statistical results not shown). The results indicated a fairly complicated reproductive incompatibility pattern among different geographical populations. There is no clear relationship between fecundity and fertility, perhaps because the variance of fecundity in these populations might be too large and conceals the interaction effect between two major factors. In experiment 1, VA females showed a relatively low fecundity in all combinations but their fertility was signiÞcant different. This result is similar to the study in Drosophila simulans of Hoffmann et al. (1986) : signiÞcant decreases in number of progeny were not a result of differences in mating success and oviposition, but rather because of failure of eggs to hatch. However, FL and WV females in experiment 3b showed both of lower fertility and fecundity in the incompatible combination, and this result was similar to the results of Stevenson and Smith (1961) and Padula and Smith (1971) . The fecundity of WV females has similar situation with their fertility: unusually higher fecundity with NY and VA male combinations, and NJ females showed a similar trend in experiment 3. The reason remains unknown.
In our study, weak to moderate (Ϸ20 Ð 60% fertility) reproductive incompatibility was found in different combinations among the plum curculio geographic populations. Incompatible mating was found to be caused by different Wolbachia infections between females and males in the mosquito Aedes albopictus (Skuse) (Dobson et al. 2001) , the neotropical beetle Chelymorpha alternans Boheman (Keller et al. 2004) , and the alfalfa weevil, Hypera postica Gyllenhal (Hsiao and Hsiao 1985) . Our results are consistent with the interpretation that Wolbachia strain infections may cause reproductive incompatibility between different geographic plum curculio populations. A previous study in our group (McClanan et al. 2004 ) reported that two plum curculio strains were infected by two different, maybe incompatible, Wolbachia strains. We also found that Wolbachia strains approximate the distribution of the weevil strains: a northern strain singly or doubly infected with two close Wolbachia strains in supergroup B and a southern strain singly infected with one strain in supergroup A. The midAtlantic region is the convergence area (unpublished data). Therefore, Wolbachia infection is a likely reason for the reproductive incompatibility we observed among plum curculio geographical populations in this study. However, the clear incompatibility pattern between those Wolbachia strains needs more intensive studies. For example, it may be possible to create a Wolbachia-free colony. Then, cross-mating between the artiÞcal Wolbachia infections individuals may help us to fully understand the function of Wolbachia infections in reproductive incompatibility among plum curculio populations. 
